Abstract The aim of this study was to evaluate the diagnostic accuracy for detecting breast cancer using different telemammography configurations, including combinations of both low-cost capture devices and consumer-grade color displays. At the same time, we compared each of these configurations to film-screen readings. This study used a treatment-by-reader-by-case factorial design. The sample included 70 mammograms with 34 malignant cases. The readers consisted of four radiologists who classified all of the cases according to the categories defined by the Breast Imaging Reporting and Data System (BI-RADS). The evaluated capture devices included a specialized film digitizer and a digital camera, and the evaluated displays included liquid crystal display (LCD) and light-emitting diode (LED) consumer-grade color displays. Receiver operating characteristic curves, diagnostic accuracy (measured as the area under these curves), accuracy of the composition classification, sensitivity, specificity, and the degree of agreement between readers in the detection of malignant cases were also evaluated. Comparisons of diagnostic accuracy between film-screen and the different combinations of digital configurations showed no significant differences for nodules, calcifications, and asymmetries. In addition, no differences were observed in terms of sensibility or specificity when the degree of malignancy using the film-screen method was compared to that provided with digital configurations. Similar results were observed for the classification of breast composition. Furthermore, all observed reader agreements of malignant detection between film-screen and digital configurations were substantial. These findings indicate that the evaluated digital devices showed comparable diagnostic accuracy to the reference treatment (film-screen).
Introduction
To reduce the mortality rates associated with breast cancer, screening programs including routine mammograms have been developed [1] [2] [3] [4] [5] . For rural or underserved areas, telemedicine may provide a cost-effective solution for screening mammography programs and computed radiography (CR) and full-field digital mammography (FFDM) are useful in the implementation of telemammography services. Although previous studies have reported no significant differences between film-screen mammography and digital modalities [6] [7] [8] , this latter technology may be unaffordable for vulnerable populations, where only conventional film-screen mammograms may be available. Therefore, the digitization of films is required to provide telemammography services.
Specialized equipment is available for digitizing mammogram films, and several studies have confirmed their clinical equivalence to film-screen mammography [9] [10] [11] . However, similar to CR, these specialized digitizers also remain unaffordable for rural areas in developing countries, and digital cameras are therefore being utilized for teleradiology services. Such equipment may reduce costs, although diagnostic accuracy should be evaluated prior to adopting these new medical services. In addition, for teleradiology diagnostic delivery by radiologists at homes or in small offices, specialized medicalgrade grayscale displays also remain unaffordable. As a result, it is important to evaluate standard color consumer-grade displays that may be used in teleradiology applications with images originating from digitized plain films. However, few studies have evaluated the diagnostic accuracy of such displays [12, 13] , and the possibility of using color LCD medicalor consumer-grade displays instead of medical-grade grayscale displays remains to be determined [14, 15] .
The aim of this study was to evaluate the diagnostic accuracy for detecting breast cancer using different telemammography configurations, including combinations of low-cost capture devices (specialized digitizer and digital cameras, which are less expensive than CR or FFDM) and low-cost displays (consumer-grade color displays, which are less expensive than medical-grade grayscale displays). At the same time, we sought to compare these configurations to filmscreen readings. In particular, we evaluated the detection of nodules, calcifications and asymmetries using receiver operating characteristic curve (ROC) analysis. The sensitivity, specificity, and reader agreement for the degree of malignancy observed by the radiologist, according to the categories defined by the Breast Imaging Reporting and Data System (BI-RADS) [16] , were evaluated, as well as the accuracy of the composition classification.
The current evaluation represents part of a larger study, in which we included mammography images obtained using CR and assessed visualization using medical-grade displays. When a medical-grade device was used at one end of the configuration (i.e., capture or display) in combination with a low-cost alternative, no significant differences were observed in comparison to film-screen readings [17] .
The capture devices and displays evaluated in this study were also evaluated in our previous studies for chest radiography, and no significant differences in performance were noted in terms of detection between the capture devices [18] [19] [20] and displays evaluated [21] [22] [23] . In the current study, we evaluated whether the same devices could be used for mammography using low-cost solutions at both ends of the teleradiology chain, including capture with a specialized digitizer or digital camera and display with consumer-grade color LCD or LED displays.
Methods
This retrospective study was approved by the ethics committee of our institution, and informed consent was not required. The current evaluation was part of a larger factorial design study that included 70 cases, four radiologists, three displays (one medical-and two consumer-grade color displays), two display calibration methods, three capture devices, and the reference readings (i.e., film-screen), for a total of 5,320 observations for each variable. However, the current analysis only included film-screen observations and those that were obtained using low-cost displays (with factory and with Digital Imaging and Communications in Medicine (DICOM) calibration) and two low-cost capture devices, for a total of 2,520 observations for each variable.
Sample, Standard, and Readers
The standard for a positive case was a malignant lesion confirmed by biopsy within 2 years of the initial mammography screening, corresponding to BI-RADS category 4 or 5 [6, 10, 24] . Negative cases were defined as those without any lesions confirmed by biopsy or cases with normal follow-up mammograms for 1 year, corresponding to BI-RADS category 2 or 3. Mammography studies from patients who attended mammography screenings between 2008 and 2012 at the Fundación Santa Fe de Bogotá (FSFB) were selected without repetition. Each case was required to include four views: mediolateral oblique, craniocaudal, left, and right. Cases with calcifications, nodules, asymmetries, and distortions were included. Conditions in cases were not exclusive, i.e., multiple types of lesions per case were allowed; to avoid sensitivity bias, cases with obvious lesions were not included.
The first analysis in this evaluation was based on receiver operating characteristics (ROC) curves, and the diagnostic accuracy was calculated as the area under the ROC curve (AUC). To determine the sample size for comparisons of AUCs, we used the table proposed by Obuchowski [25] , with the following criteria: (1) four observers, (2) low variability between radiologists and high accuracy, (3) moderate differences among AUCs (i.e., 0.1) and (4) a 1:1 ratio between malignant and benign cases. Using these criteria, 67 cases were required. The sample size was set at 70 cases. The distribution of cases according to type of nodule and calcification, according to the BI-RADS classification, is shown in Table 1 . To achieve a sample with a 1:1 distribution of benign cases and malignant cases (as shown in Table 2 ), we chose 36 benign cases and 34 malign cases. As BI-RADS 4B are more frequent in our database than BI-RADS 4A, 4C and 5, we chose more cases from BI-RADS 4B. In a first step, we filtered in the database cases that belonged to a specific BI-RADS category, and then we chose a case at random from the screen list. If this case had any exclusion criterion (e.g., large sizes, incomplete views) or was already included in the sample, this case was excluded, otherwise it was included. The same procedure was repeated until the previously established number of cases per BI-RADS category was achieved. This procedure was repeated for each BI-RADS category. Patients ranged in age from 41 to 84 years, with a mean of 62.1 years.
The distribution composition of the cases was as follows: 17 almost entirely fatty, 32 scattered fibroglandular, 11 heterogeneously dense, and 10 extremely dense. Four radiologists, who read about 8,000 mammograms per year at our hospital, and with experiences between 2 and 10 years after board certification, served as observers.
Observed Variables
For each interpretation, the radiologist examined the following variables and classified them according to the BI-RADS: (1) classification of pathological findings, (2) breast composition, and (3) degree of malignancy. Based on these variables, several assessment variables were defined and are presented in the following data analysis section.
Mammograms and Capture Devices
Routine mammograms on 18×24 cm films were digitized using the following two capture devices: (1) an iCR 612SL specialized digitizer (iCR Company, Torrance, CA), with a maximum spatial resolution of 875 dpi, a pixel spot of 29 μm, 16 bits per pixel, an optical density (OD) of 3.6 and a cost of $15,000 (hereafter referred to as ICR), and (2) a Lumix DMC-FZ28 digital camera (Panasonic Corporation, Secaucus, NJ), with a 10-megapixel resolution, focal length of 4.8 to 86.4 mm, 1/2.33″ charge-coupled device (CCD), ISO 100-6400 and cost of $450 (plus $400 for a support system and light box). The digital camera is hereafter referred to as LUMIX.
For each patient (case), the following three casestudies were used in this evaluation: (1) the printed film, hereafter referred to as FILM, (2) images digitized with ICR (2,436 × 3,636 pixel matrix and 8-bit grayscale), and (3) images digitized with LUMIX (2,538× 3,463 pixel matrix and 8-bit grayscale). This procedure was completed for each of the 70 sample mammograms, which produced 210 case studies.
Visualization Displays
For visualization, two consumer-grade color displays were selected: (1) a Dell UltraSharp U2711 LCD (Dell Computer Corporation, Round Rock, TX, USA), hereafter referred to as LCD, with a dot pitch of 0.23 mm, a spatial resolution of 2,560×1,440 pixels, a maximum luminance of 350 cd/m 2 , and a cost of $862; and (2) the LED display of a Dell Vostro 3750 laptop computer, hereafter referred to as LED, with a dot pitch of 0.24 mm, spatial resolution of 1,600×900 pixels, maximum luminance of 220 cd/m 2 , and a cost of $780. These two displays were used with both the factory calibration and with the "Part 14: Grayscale Standard Display Function" (GSDF) DICOM standard calibration, as presented in our previous study [17] .
Data Analysis
To compare the AUCs for the detection of nodules, calcifications, and asymmetries, IBM SPSS Statistics 19 (SPSS Inc., USA) was used to compare the analyses of variance (ANOVAs) of pseudovalues from the AUC ROC curves. The pseudovalues were obtained using the DBM-MRMC 2.3 software [26] developed by Dorfman-Berbaum-Metz [26, 27] . According to the degree of malignancy observed by radiologist, we calculated the sensitivity and specificity using generalized estimating equations (GEEs) in SPSS. Cases that were classified as BI-RADS 2 and 3 were considered negative, and cases that were classified as 4a, 4b, 4c, and 5 were considered positive, i.e., malignant.
For the tissue composition type variable, the proportion of correct readings compared to the gold standard was calculated using the GEE function in SPSS. Finally, agreements on malignant detection between the film and digitizer readings were calculated using STATA 12 software (Stata Corp., College Station, TX, USA).
Procedure
The software features included image manipulation functions (e.g., filters, zoom, window/level, and negative/positive) that could be used at the observer's discretion and case blinding and data integrity to ensure that all case readings had been completed. Each radiologist evaluated the readings over a 6-month period in 4-hour sessions in a room were the ambient luminosity for all readings was set to 6 lx. For each observer and for a particular display, the viewing order was randomly assigned for all the possible combinations of the 70 cases, capture device, and calibration method. For the next display, the viewing order was modified, assuring a 70-case interval between two observations of the same case by a radiologist. The time interval between sessions was 1 week and the time interval between displays was about 4 weeks. During each session, the display was the same for all radiologists, but the order of display assigned to radiologists was different.
Results
The AUC values that were obtained for the detection of breast abnormalities, with their respective 95 % confidence intervals (CI), are shown in Table 3 Table 3 . For a sample size that was designed to detect differences of 0.1 in the AUC with a power of 80 %, none of the comparisons exhibited a significant difference; the observed p values were 0.943, 0.74, and 0.114 for nodules, calcifications, and asymmetries, respectively. The values for sensitivity and specificity and their corresponding confidence intervals are shown in Table 4 . The observed sensitivities ranged from 0.70-0.74, with a value of 0.71 for FILM, and there were no significant differences between the nine evaluated methods (p=0.841). The observed specificities ranged from 0.83-0.90, with 0.90 for FILM, and there were no significant differences noted (p=0.175).
The proportions of readings with compositions that were correctly classified ranged from 0.53-0.65, with a value of 0.60 observed for FILM (see Table 5 ). In the overall comparison, there were significant differences between the examined methods (p=0.03). In addition, when FILM was compared to the digital methods grouped by calibration, no differences were observed (p=0.818 for factory calibration; p=0.422 for GSDF calibration).
The agreement on malignant detection between FILM and each of the configurations is shown in Table 6 . The observed agreement values ranged from 81.8-87.5 %, with kappa values ranging from 0.62-0.74. According to the Landis and Koch classification [28] , agreement on malignant detection between FILM and each of the configurations was substantial.
Discussion
The comparisons of diagnostic accuracy (calculated as the area under ROC curves) between FILM and the different combinations of digital configurations (ICR, LUMIX, LED, LCD, factory calibration, and DICOM calibration) showed no significant differences for nodules, calcifications, and asymmetries. In addition, no differences were observed in sensitivity or specificity when the degree of malignancy using FILM was compared to that obtained using the digital configurations. The same result was observed for the classification of breast composition when FILM was compared to digital configurations grouped by calibration factor. Furthermore, all observed reader agreement on malignant detection between FILM and digital configurations was substantial. These findings indicate that the digital devices provided comparable diagnostic accuracy to the reference treatment (FILM). In addition, these results are in agreement with our previous evaluation of displays (also including a medical-grade grayscale display) using images obtained with CR [17] , as well as the evaluation of capture devices (including standard CR) visualized using a medical-grade grayscale display. Previous studies have compared film-screen mammography to digitized films [9] [10] [11] , and similar to the present study, these reports found no significant differences in diagnostic accuracy. In our study, we obtained AUC mean values that were similar to the values reported by Powell [9] , Gitlin et al. [10] , and Pisano et al. [11] . However, these previous studies did not evaluate digital cameras and low-cost displays.
Additionally, to our knowledge, no previous study has evaluated the performance of observers reading mammograms captured with a digital camera, for which the present study obtained AUC values that were similar to the values for FILM obtained with all displays (and calibrations). The study of Chen and Gale [29] evaluated the accuracy in mammography with low cost displays-including an iPAD-compared with a medical-grade display, finding as in the present study, comparable results between the two displays, while poor performance was detected for the iPAD. The study of Krupinski [30] found also comparable result between medical-grade displays and consumer-grade displays, with more appreciated differences in the evaluation of subtle lesions, especially when the monitors have been used more than a year. In addition, in part of the our overall study when images from CR were included and all the images were reading using a medical-grade display, in addition to the consumer-grade displays of this evaluation, no differences were observed in detection of nodules and calcifications in screening mammograms when GSDF calibration or factory calibration was used [17] .
With the capability of detecting differences of 0.1 with diagnostic accuracy at a power of 80 %, our results indicate that FILM, ICR, and LUMIX may all be suitable for detecting malignant or benign mammograms in screening programs when consumer-grade color displays are used. This finding suggests that high-quality medical imaging services, including telemammography screening programs, can be provided to underserved populations at a low cost, which would extend the coverage of health services related to prevention and early detection. When the statistical analysis was performed for all of the observations (i.e., the 5,320 overall readings), the power of the tests showing no significant results were larger than that noted in the present evaluation. Therefore, to definitively establish the equivalence of these low-cost alternatives to film readings, further study with a larger sample size is required.
Usually, in deserved rural areas only film-screen mammograms may be available. However, a database with real rural film-screen mammograms was not available at the time of this study. For this reason, we used CR images from the database of radiologic imaging studies of our hospital, which before the end of this study, were the routine mammograms and the best quality images available in our hospital-until the installation of the tomosynthesis mammography in the last months. However, as printed CR images may be quite different from conventional film-screen mammograms, the results of this study should be revisited using mammography images obtained at rural hospitals with different qualities of equipment and technician standards. Another limitation of our study was the way in which DICOM GSDF calibration was implemented, as the luminance transformed characteristic curve obtained after calibration is an approximation of the GSDF curve, because the calibrated values are selected from a 8-bit look-up table (LUT), producing "quantization errors" [31] . These errors may be reduced using a LUT from the hardware driver of the display, using more complex methods, as the International Color Consortium (ICC) color profile [32] ; nevertheless, these profiles are not always available for all low cost display monitors.
